Studies on diaspore germination in native species with low economic relevance and great ecological significance have been based on a wide range of sample sizes. However, can the sample size change the physiological inferences made from germination measurements? To answer this question, diaspores of six Cerrado species were evaluated for germinability, germination time (initial, mean, and final), germination velocity (mean germination rate and Maguire's rate), coefficient of variation of the germination time, and synchronization index of the germination process. Germinability, final time, mean time, and synchronization index were robust with respect to sample size fluctuation. Maguire's rate, initial time, coefficient of variation of the germination time and mean germination rate, in contrast, were affected by sample size fluctuation, at least in one of the species tested. The robustness of the time measurements and the synchronization index also demonstrates that the germination process occurs in a cadenced rhythm, much like a biological clock. Among the measurements evaluated, Maguire's rate is the only one that must be avoided, since it is strongly influenced by sample size and by the balance between germinability and mean germination rate. These results demonstrate that sample size can affect inferences about the germination process and can compromise restoration and/or conservation efforts.
D r a f t

Introduction
Understanding diaspore germination is important in forest management, since it is one of the bases for restoration and/or conservation projects (Guariguata and Pinard 1998; Guariguata 2000; Freitas and Pinard 2008; Ferreira et al. 2015) . Furthermore, germination can segregate species and individuals into groups, demonstrating its potential for use in native species genetic improvement programs (Ferreira et al. 2015) . To measure this process more accurately, researchers have proposed mathematical expressions to quantify the synchronicity, uniformity, and velocity of germination (Ranal and Santana 2006; McNair et al. 2012 ). Some of these measurements have been used during the last two centuries (Ranal and Santana 2006) , but intensely discussed and employed in germination studies only in the last decade.
During this decade, reviews have been published demonstrating how to calculate and interpret these measurements (see more in Ranal and Santana 2006; Ranal et al. 2009; McNair et al. 2012) , making them more accessible to the general public.
Although very informative, those reviews do not address the robustness (hardiness) of the germination measurements used to infer the physiological quality of a diaspore sample in relation to fluctuations in the sample size (the number of diaspores that represents a population in a treatment). This sample size fluctuation is common in studies on native species that possess lower economic relevance, but still have great ecological significance.
Most of these species, unlike domesticated ones, have ecological reproductive difficulties such as seasonal production, theft of pollen and herbivory or predation of diaspores (Guariguata and Pinard 1998; Ferreras and Galetto 2010; D'hondt and Hoffman 2011; Sobral et al. 2013) . These difficulties can hinder the production of diaspores, which forces the researchers to employ different sample sizes in germination studies. Furthermore, there has been no standard procedure for germination testing for these species (Santana et al. 2012 ; D r a f t Ribeiro-Oliveira and Ranal 2014) , which can also have motivated this wide range of sample sizes observed in the literature.
A classic example of the wide range of sample sizes in germination studies can be observed in Sautu et al. (2006) , where the authors used samples from 100 to 400 seeds to make inferences about the physiological quality of seeds of 100 native species in a seasonal moist tropical forest in Panama. This sample size fluctuation can be detrimental to inferences about physiological quality of diaspores. Thus, could the sample size change the physiological inferences made from the germination measurements? Which measurement(s) would be the most robust against sample size fluctuation? The present study offers answers to these questions and still exposes peculiarities about measurements of the germination process regarding differences in sample size and physiological quality of diaspores.
Materials and Methods
Species studied, origin of the diaspores and classification of the samples
The tests were conducted with diaspores of six native tree species from the Brazilian Cerrado (Table 1) . They are widely used as wood sources and in popular phytotherapy. They are also used in conservation and restoration projects (Carvalho 2003; 2006) , mainly in areas of the Cerrado biome. This is one of the most threatened regions on Earth as a consequence of habitat fragmentation and degradation (CEPF 2015) , and it is also an important hotspot due to its high biodiversity and high endemism among tropical savannas.
The diaspores were collected around Uberlândia, Minas Gerais, Brazil, or acquired as commercial lots from Fepagro, Bioflora and Instituto Florestal (Table 1 ). The choice of the genitor plant was dependent on the number of fertile individuals and on the quantity and quality of diaspores produced. The criteria to group diaspores in samples with different physiological qualities were defined by means of pre-testing conducted with different D r a f t 5 methods of segregation (seedcoat color, genitor plant and apparent physical integrity).
Methods that led to apparent extremes in physiological quality were used to test our hypotheses (see 'Sample characterization' in Table 1 ). The grouping criteria of diaspores and the pre-germination treatment, if needed, varied according to the species studied (Table 1) .
Enterolobium contortisiliquum (Vell.) Morong and Guazuma ulmifolia Lam. seeds were stored for five years in a cold chamber at 16.3 ± 2.6 °C and 22 ± 1.8% relative moisture.
Germination tests
The tests were conducted in a germination chamber (Seedburo Equipment Company, model MPG -2000) , under continuous white fluorescent lamps at 26.2 ± 2.5 C. This temperature is in the optimum range (20-30 ºC) required for maximum diaspore germination of Cerrado tree species (Brancalion et al. 2010) . The diaspores were sown in germination boxes (plastic boxes), over expansive vermiculite of superfine texture, with an expansion volume of 0.1 m 3 . The substrate was moistened to 70% of field capacity (70 mL of distilled water for each 100 mL of vermiculite). During the experiments, supplementary irrigation was supplied when needed. For the Cecropia pachystachya Trécul germination test, we used Emanueli humidity chambers (Araújo and Ranal 2005) . The germination assessments were performed daily at the same time. The germination criterion was embryo protrusion. At the end of the experiments, the remaining diaspores were dead with decomposing tissues.
Experimental design
The tests were performed using a completely randomized design in factorial structure (factorial ANOVA) with three fixed levels (three physiological qualities × three sample sizes). When factorial ANOVA is used, there are two possible statistical hypotheses (1) The factors analysed possess combined effects (interaction effect); thus, it is not necessary to D r a f t 6 analyse them separately (2) The factors do not possess combined effects, consequently they need to be analysed separately (main effects). This theory (see more in Neter et al. 1985; Steel et al. 1997; Quinn and Keough 2002) was considered when formulating the statistical null hypothesis. Thus, for the factorial interaction, the null hypothesis was that the effect of the sample size is independent of the physiological quality of the sample. When there was no factorial interaction, the main effects (factors without interaction) were studied.
We recognize a replicate as the set of diaspores that were maintained together in the randomization required by the experimental design, independently of the number of germination boxes. The number of replicates was fixed and equal to four. Due to the sample size factor, the experimental unit (replicate) consisted of one, two or four germination boxes, with 25 diaspores each. Thus, there were 25, 50 and 100 diaspores per experimental unit, totaling 100, 200 and 400 diaspores per sample. This was possible because the sample can be defined as a representative part of one population (Cochran 1977; Neter et al. 1985; Steel et al. 1997) , from which it is possible to estimate population parameters (Kutner et al. 2004; Storck et al. 2010) . Applying these concepts, it is possible to say that a sample is the set of diaspores with the same history, from their formation until their experimental condition, and this sample may be repeated r times, in r replicates (Santana and Ranal 2004) . This means that the diaspores of the same treatment, within experimental designs, constitute one sample, because their history is common. Consequently, each replicate of the sample constitutes a sub-sample. This sub-sample is commonly called replicate/replication, plot or experimental unit (Neter et al. 1985; Kutner et al. 2004) , the source of the data collected, a reflection of the treatment tested (Steel et al. 1997 ).
The reduced number of available diaspores of Ceiba speciosa and Guazuma ulmifolia made it very difficult to assemble three samples with different physiological quality. Thus, for these species, replicates were made using only one germination box. Independently of this D r a f t particularity, we reiterate that the experimental design in studies for these species was the same as for the other species. The experimental unit of G. ulmifolia was composed of one germination box, with each unit containing 25, 50 or 100 seeds, depending on the size of the sample studied. For C. speciosa, we used 400 seeds of each sample distributed into 16 replicates (each in one germination box) of 25 seeds each. Therefore, for this species, the different sample sizes were obtained by means of random mathematical combinations, i.e., results from each germination box were grouped randomly by procedures for data simulation in order to compose 25, 50 and 100 diaspores per experimental unit, totaling 100, 200 and 400 diaspores per sample.
Characteristics evaluated
The characteristics evaluated were calculated according to Ranal and Santana (2006) , some of them discussed by McNair et al. (2012) , including germinability (G), time to first germination (t f ), mean germination time ‫ݐ(‬ ̅ ), time to last germination (t l ), coefficient of variation of the germination time (CV t ), mean germination rate ‫̅ݒ(‬ ), Maguire's rate (Rate), and the synchronization index (Z) of the germination process.
According to Labouriau (1983) , germinability of one seed sample is the percentage of seeds (or diaspores as is the case in this paper) in which the germination process reaches the end, in experimental conditions, by means of the intraseminal growth that results in the protrusion (or emergence) of one live embryo. It means that germinability is the capacity or ability of diaspores to germinate. Mean germination time is the weighted mean of the germination time, where the number of seeds (or diaspores) germinated in the intervals of time established for data collection is used as weight (Ranal and Santana 2006) . The first and last germinations are extremes in time (minimum and maximum, respectively) required for the germination process to be initiated and finalized. Coefficient of variation of the D r a f t germination time is the dispersion of the germination process over time, which enables us to infer germination uniformity. Mean germination rate is a pure velocity measurement, with a concept similar to that used to measure velocity of chemical reactions (molecules per time unit). In the physical sense, this measurement is a frequency, since it is the reciprocal of the mean germination time (Ranal and Santana 2006) . According to Brown and Mayer (1988) , Maguire's rate is a time-weighted cumulative germination measurement that evaluates the velocity of germination and quantifies the seedling vigour. Synchronization index can evaluate the degree of overlapping of diaspore germination. More details about these characteristics can be obtained in Ranal and Santana (2006) , and greater explanations about expressions and intermediated calculus can be observed in Ranal et al. (2009) , which provides spreadsheets in supplementary materials to calculate these germination measurements.
We used the arithmetic mean of the ratio between number of sensitivity cases in the germination measurement by the total number of times this measurement was used in the study to summarize the frequency of sensitivity of the germination measurements to detect differences in sample size and physiological quality. The frequency of sensitivity was calculated to the factorial effect (i.e., interaction between sample size and physiological quality), and main effects (i.e., effect of sample size or physiological quality separately).
Furthermore, moisture content also was evaluated by drying, with eight replicates of 50 diaspores each. The drying temperature was 70 °C and the assessments were performed until constant mass was reached.
Statistical analyses
For the statistical analyses, we used Shapiro-Wilk to test normality of residuals of the ANOVA, and Levene to test the homogeneity among the variances, both at 0.01 significance.
Once these assumptions were accepted, ANOVA was applied to the data and the Tukey's test D r a f t was used for pairwise comparisons, both at 0.05 significance. Otherwise, we applied the Kruskal-Wallis test followed by the Dunn test to the binary combinations at a 0.05 significance. For some characteristics, in view of the F test's robustness to minor violations of residual normality (Scheffé 1959 ) and limited availability of nonparametric tests designed for factorial experiments, we chose to perform parametric analyses of data that, when transformed, did not satisfy the ANOVA assumptions, but reduced the F value of the Levene's test and/or increased the W value of the Shapiro-Wilk test.
Results
The moisture content of diaspores in the different samples was low, independent of the species (2.63% ≤ moisture content ≤ 10.59%; Supplementary Table S1 ). Three out of the six studied species exhibited diaspore moisture content that was dependent on the sample analysed (Cecropia pachystachya, Enterolobium contortisiliquum and Lafoensia pacari A.
St.-Hil.; Supplementary Table S1 ).
Germinability, final time, mean time, and synchronization index had no sensitivity cases to sample size or to sample size and physiological quality; while, Maguire's rate, initial time, coefficient of variation of the germination time, and mean germination rate had at least one sensitivity case (Fig. 1 ). Germinability and mean germination time are highly sensitive measurements to detect differences in physiological quality, and final germination time is a poor measurement for this (Fig. 1 ). Maguire's rate is a very sensitive measurement to detect differences in sample size and physiological quality (Fig. 1 ).
These observations were statistically confirmed by the robustness of the analyses of the germination measurements. We observed that germinability, final time, mean germination time, and synchronization index were robust to increases in the number of diaspores in the sample (Tables 2-7) . However, germinability proved to be more robust, since its results did D r a f t not show variation even when the sample quality was extreme (Tables 2-7) . On the other hand, the results for Maguire's rate, initial time, coefficient of variation of the germination time, and mean germination rate were influenced, at least for one of the species tested, by the number of diaspores in the sample. Among these measurements, the most susceptible (least robust) to an increase in diaspore number was Maguire's rate. The values of this measurement, independent of the species under consideration, always increased with an increase in sample size (Tables 2-7) .
Results for Maguire's rate were also influenced by mean germination rate and germinability, since these characteristics are part of its composition. Thus, samples that showed diaspores with higher germinability and lower mean germination rate were considered, by this measurement, faster or equivalent to those that showed lower germinability and higher mean germination rate. An example of this association can be observed in Lafoensia pacari, where sample 1, with smaller mean germination rate and greater germinability values, was considered the fastest by Maguire's rate (Table 6 ). Another example of this interaction between germinability and mean germination rate can be observed in the seed test of Ceiba speciosa. Sample 3 of this species, with smaller germinability and greater mean germination rate, was considered the fastest by Maguire's rate (Table 3) .
Details about values of statistics and probabilities used to analyse robustness of germination measurements regarding to differences in sample size, physiological quality and its interactions can be observed in supplementary material (Tables S2−S7) .
Discussion
This is the first paper that quantifies the robustness of the measurements used to infer the physiological quality of diaspores in the germination process. Here, we demonstrate that sample size can affect some inferences about this process. This fact is critical for studies on D r a f t 11 native species that do not produce diaspores regularly, such as Copaifera langsdorffii Desf. (Pereira et al. 2009 ), and species with low production or with a high number of seeds without embryos (Mendes-Rodrigues et al. 2010; Ranal et al. 2010) . These studies are frequently conducted with a wide range of sample sizes. This could incur in wrong inferences about seed germination and could compromise conservation efforts aimed at maintaining genetic variability.
The robustness of germinability, mean and final germination times, and synchronization index with respect to increases in sample size demonstrates that they are stable qualitative attributes that reliably measure the physiological quality of diaspores, independent of species and sample size. Among these measurements, germinability and mean germination time also possess high sensitivity to detect differences in physiological quality, but final germination time has low sensitivity. This indicates that germinability and mean germination time must be used for any germination study, but final germination time must be avoided in studies on physiological quality. The high robustness of germinability, even when the samples possessed distinct qualities, ratifies the importance given to this measurement by the international and national organizations that oversee and regulate seed commercialization.
Time (initial, mean, and final germination time) and synchronization measurements can express the species pattern as was observed by Rezende et al. (2015) . This can explain the robustness of the synchronization index, and the initial and final germination time regarding differences in sample size. They also explain medium to low sensitivity to detect differences in physiological quality. Mean germination time is an exception to these time measurements, demonstrating its capacity to detect differences in physiological quality. This sensitivity to detect differences probably is associated to a greater capacity for the mean germination time to infer seed vigour, contrary to the other time measurements.
D r a f t
The robustness of the time measurements and the synchronization index also demonstrates that once the diaspores are able to germinate (either from a natural absence of dormancy or as a result of pre-germination treatment), the germination process has a cadenced rhythm, much like a biological clock with a beginning, middle, and end, peculiar to each species. This can explain why the time measurements are associated to the pattern of a species, and it certainly contributes to the low sensitivity of the initial and final germination time to detect differences related to sample size and physiological quality. Thus, extremes in time seem to be an important botany tool for studies about characterization of the germination process in species.
The mean germination rate was not robust to variation in sample size in tests with Guazuma ulmifolia seeds. However, for this species the number of seeds inside each germination box was different (25, 50 and 100 seeds). Thus, the increase in number of seeds per germination box was accompanied by an increase in mean germination rate. This can be related to the mutual stimulation phenomenon described by Brewbarker and Majumber (1961) and Ranal (1983) , who studied pollen grain germination in phanerogams and spore germination in pteridophytes, respectively. The authors reported that studies carried out with a greater sample density showed higher germination percentages, probably as a result of volatile compounds produced by the dispersal units that served to signal and maximize and some of them may be associated with the maximization of diaspore germination. In addition, mean germination rate possesses high sensitivity to differences in physiological quality, and low sensitivity to differences in sample size. This is a non-linear and pure velocity measurement (without interference of germinability) able to infer velocity of D r a f t 13 chemical reactions (Ranal and Santana 2006) . Thus, mean germination rate must be considered in studies focusing on chemical alterations that occur in the germination process.
It appears that the coefficient of variation of germination time (CV t ) is sensitive to changes in the physiological quality of the dispersal units, including changes in the uniformity of the germination process due to maternal effects, environmental conditions after dispersal, and the type of treatment to overcome dormancy. In this study, CV t was affected by sample size in Cecropia pachystachya and Guazuma ulmifolia when the diaspores were separated into samples by genitor plant. It is known that dispersal units are subject to strong maternal effects with consequences for physiological qualities associated with vigour (Roach and Wulff 1987; Wulff 1995) and dormancy (Roach and Wulff 1987; Wulff 1995; Weiner et al. 1997; Valencia-Díaz and Montaña 2005; Luzuriaga et al. 2006) . As CV t reflects the temporal homogeneity of diaspore germination (Ranal and Santana 2006) and detects nuances in relative dormancy among diaspores belonging to the same sample, perhaps this measurement can be used to detect maternal effects in diaspores. It will be interesting to test other species to confirm this hypothesis, but it is important to take into consideration that the C. pachystachya achenes were freshly collected, whereas the G. ulmifolia seeds were stored during one year.
The efficacy of the thermal-shock pre-germination treatment, specifically for Guazuma ulmifolia, explains the CV t results obtained for that species. Some authors contest the efficacy of such treatment in uniformly overcoming dormancy (Zaidan and Carreira 2008) . This can reduce the uniformity of diaspores in the germination process, mainly when the sample size is smaller, since the representativeness of a seed is greater in a universe of 100 seeds than in a universe of 200 or 400 seeds. This hypothesis is based on CV t results of Enterolobium contortisiliquum, whose samples were also formed from a genitor plant. For this species, CV t was not affected by sample size. Dormancy was overcome in E. contortisiliquum seeds by mechanical scarification, a very efficient pre-germination treatment D r a f t 14 (Zaidan and Carreira 2008) . With this treatment, any pre-existing maternal effect that influenced seed coat hardness and, therefore, germination homogeneity, was no longer valid. This makes the samples lose the individual seed weight in relation to the set, and the germination process becomes more uniform. Thus, it is not only the sample size that affects the robustness of CV t , but also the efficacy of the pre-germination treatment. As a consequence, CV t is a great measurement for studies focusing on dormancy and general aspects about germination physiology.
Similar to CV t , time to first germination was affected by an increase in sample size for tests with diaspores of just two species, Lafoensia pacari and Schefflera morototoni (Aubl.) Maguire, Steyerm & Frodin. In both cases, the first diaspore to germinate belonged to a larger sample. For L. pacari seeds, this can be explained by morphological discrepancies within and among the samples studied (samples determined by differences in seed coat colour and physical integrity of the seed). As seeds with a better visual aspect (in this case, the seed coat was light brown to dark brown or light brown and no apparent physical problem in the tegument) exhibit a greater likelihood of germination than those with a worse aspect (in this case, dark brown and brittle seed coat), there was an overvaluation of individual seeds in relation to the set. This overvaluation of one seed in relation to the sample is proved by the lower germinability, CV t , and synchronization index in opposition to a high mean germination rate and mean germination time. The overvaluation explains the high initial time values for samples with low physiological quality as well as for small samples. This, together with the lack of efficacy of the thermal treatment to overcome dormancy (Zaidan and Carreira 2008) , explains the influence of sample size on the results for time to first germination of pyrenes of S. morototoni. After all, even though several characteristics were considered to group the diaspores into samples, there are still individual diaspore-by-diaspore peculiarities with D r a f t respect to dormancy (Ranal et al. 2010) , and these can cause some of the diaspores (outliers) to germinate before the rest.
The inefficacy of thermal treatment can be explained by the degree of dormancy.
Since there is variability in the degree of dormancy, high water temperature can reach the embryos of some diaspores faster, damaging them. This can retard or deter the germination process, depending on the temperature and duration of the treatment. In the case of pyrenes of Schefflera morototoni that exhibit multiple types and degrees of dormancy (Anastácio et al. 2010 ), the thermal shock was enough to damage the embryo, but not to kill it, retarding the germination process for diaspores with a low degree of dormancy. This inflates the number of outliers, resulting in measurements of initial time that exhibit greater sensitivity to sample size variation.
The germination measurement that demonstrated the least robustness with respect to increases in sample size was Maguire's rate. It is important to note that this measurement is extensively used by agronomists, foresters, and some ecologists to characterize the velocity of diaspore germination. Practicality led Maguire (1962) to present it as a tool to identify better samples, that is, samples with more seeds germinating in less time. However, the present paper demonstrates that Maguire's rate is sensitive to increases in sample size. Moreover, this measurement is strongly influenced by the relationship between germinability and mean germination rate. This relationship was observed by other authors (Brown and Mayer 1988; Ranal and Santana 2006) . Thus, we can say that Maguire's rate is not a robust measurement of the germination velocity of diaspores with discrepant qualities, especially when sample sizes are different. However, Maguire's rate possesses a high sensitivity to differentiate samples with quality extremes, and can have a different interpretation for studies of the germination process, mainly for technical science, which needs to be found.
Conclusions
Our results demonstrate that sample size can affect inferences about the germination process and so undermine restoration and/or conservation projects. The germinability of diaspores is the most stable measurement for the evaluation of the germination process. It is not influenced by sample size or sample quality. By contrast, Maguire's rate is an unstable measurement, since it is sensitive to variation in sample size and is balanced by germinability and mean germination rate. Thus, it is better to avoid Maguire's rate when inferring germination velocity. 
